Abstract After analysis of batch culture and identi®ca-tion of the ways for prolongation of citric acid active synthesis by yeast, repeat-batch (RB) cultivation was suggested. Yarrowia lipolytica strain RB cultivation was studied and optimal conditions for cultivation selected. It was shown that when applying RB cultivation, better results were obtained than for batch cultivation. The activity of the culture remained stable after cultivation for more than 700 h. Comparative analysis of enzyme activities con®rmed the regularity of the eect described, as the activity of practically of all the enzymes participating in ethanol oxidation and citric acid biosynthesis remained stable over time during RB cultivation. Advantages of RB cultivation for the production of citric acid by yeast are discussed.
Introduction
Citric acid (CA) is produced in batch cultivation with the help of mycelial fungi Aspergillus niger. For industrial production, continuous processes are more advantageous because of less labor is consumpted and continuous culture liquid is produced for product recovery. Yet, implementation of a continuous process for CA production is dicult due to the fact that CA synthesis is only partially growth-related (Elmer and Gaden 1959) .
The relevant literature data on attempts to employ continuous and semicontinuous cultivation conditions for CA production mainly cover the use of yeasts, because the mycelial structure of A. niger, which is currently used for CA production, does not allow the development of continuous processes.
The aim of the present work was to study the possibility of CA biosynthesis by Yarrowia lipolytica repeat-batch (RB) culture on ethanol, to select optimal conditions for RB cultivation, and to conduct a comparative analysis of biochemical peculiarities of the producer in batch and RB cultivation.
Materials and methods

Strain and batch cultivation
Mutant strain Y. lipolytica, obtained after nitrosomethylurea treatment of Y. lipolytica VKM Y-2373 (All-Russia Culture Collection), was used in this work. The strain was grown in the following medium (g/l): (NH 4 ) 2 SO 4 , 3; MgSO 4 7H 2 O, 0.7; NaCl, 0.5; Ca(NO 3 ) 2 , 0.4; K 2 HPO 4 , 0.1; KH 2 PO 4 , 1.0, with addition of microelements (Burkholder 1943) , and yeast autolysate (27 ml/l, amine nitrogen 4.5 g/l). Technical-grade ethanol (85 vol%) was used as the only carbon source and was added during the cultivation. The ethanol concentration was maintained by periodical feeding and did not exceed 1.2 g/l. The strain was cultivated in ANKUM-2M fermentors with 10 l volume in 6 l medium at 28°C. During cultivation, the pH of the medium was maintained at 4.5 by addition of 20% NaOH. The dissolved oxygen concentration was maintained at 20±25% saturation.
The inoculum was grown in the same medium in¯asks on a shaker.
Analytical methods
Cell growth was monitored by the dry biomass. CA and isocitric acid were determined, as described (Finogenova et al. 1986 ).
Calculation of fermentation parameters
The fermentor productivity was calculated from 
where C, the fermentor productivity (g CA/l h ); P, total amount of CA in the culture liquid at the end of a cycle/cultivation (g); P 0 , total amount of CA in the culture liquid at the beginning of synthesis (g); V, the initial volume of culture liquid (l); t, the fermentation duration (h); t 0 , the time of the beginning of synthesis (h); X, total biomass in the fermentor (g); q p , average speci®c productivity of the culture for the period of CA synthesis, g CA/g biomass h.
To account for dilution due to NaOH solution addition for maintaining the stable pH of the medium, total amounts of CA and biomass in the culture liquid were used for calculations.
Repeat-batch cultivation
For the ®rst 72 h, the cultivation was conducted in batch mode, then part of the culture liquid was withdrawn and fresh cultivation medium added. The culture liquid volume at the start of each cycle was 6 l.
Preparation of cell-free extracts
Cells were separated by centrifugation at 3000g for 10 min at 4°C, washed twice in 1% NaCl and suspended in 50 mM potassium phosphate, pH 7.5, containing 1 mM EDTA, 1 mM dithiothreitol. Cells were disintegrated in the same buer in a disintegrator IBPM with glass beads (d 0.14 mm) for 2.5 min at 4°C, which allowed disintegration of 90% of the yeast cells. The suspension obtained was centrifuged at 5000g for 30 min at 4°C. For the enzyme activity assay, supernatant was used, containing enzymes from cytoplasm, mitochondria and peroxisomes.
Determination of enzyme activities
Alcohol dehydrogenase (ADH) activity was determined by NAD reduction in the presence of ethanol (Biochemicals Catalog 1995) . The reaction mixture contained 50 mM sodium pyrophosphate, pH 8.8, 2 mM Na-NAD and 10 mM ethanol.
Aldehyde dehydrogenase (AlDH) activity was determined by reduction of exogenous NAD in the presence of acetaldehyde (Biochemicals Catalog 1995) . The reaction mixture contained 50 mM sodium pyrophosphate, pH 8.8, 2 mM Na-NAD, 75 mM KCN and 7 mM acetaldehyde.
The activity of citrate synthase (CS), aconitate hydratase (AC), NAD-dependent and NADP-dependent isocitrate dehydrogenase (ICDH), isocitrate lyase (ICL), and the protein concentration in cell-free extracts was determined as described earlier (Ermakova et al. 1986) .
Enzyme activity was expressed in micromoles reaction product formed per minute per milligram protein (E/mg protein).
Results
Analysis of batch culture and identi®cation of the ways for prolongation of CA active synthesis by yeast
In most reports on CA biosynthesis by yeast, batch cultivation is employed. The disadvantage of batch cultivation is its limited duration.
Figure 1 presents experimental data obtained from batch cultivation of Y. lipolytica. As can be seen from the data presented in Table 1 , speci®c culture productivity, which is maximal at the beginning of CA biosynthesis, gradually decreases during cultivation, which makes continuation of the process over 6 days pointless.
To elucidate the reasons for the decrease in the culture-speci®c productivity during batch cultivation, activities of the key enzymes of ethanol and CA metabolism were determined in cell-free extracts.
The ®rst sample was taken at the beginning of CA biosynthesis (24 h), when there was active biomass growth. The second sample was taken at the moment of cessation of biomass growth and active CA production (36 h). The other samples (72, 96, 120, 144 h) were taken during the stationary phase and CA biosynthesis.
The data obtained are presented in Table 2 . As can be seen from the data presented in Table 2 , the activities of all the enzymes, except AlDH, signi®-cantly decrease during the course of batch cultivation.
Judging from the data presented, it can be concluded, that a decrease in the speci®c productivity during batch cultivation coincides with the decrease in the activity of enzymes responsible for ethanol oxidation and CA production. Possible reasons for the decrease in the enzyme activities are aging of the cells due to absence of growth in nitrogen-limited medium, and also the inhibitory eect of high concentrations of CA.
The disadvantages of batch cultivation mentioned determine the necessity to use other cultivation methods, allowing extended active biosynthesis of CA.
Selection of a cultivation method, allowing for extended CA production RB cultivation CA biosynthesis is a process, where production of the metabolite is indirectly growth-associated (Elmer and Gaden 1959) . This is why it is necessary to separate growth and synthesis either in time or in space. RB cultivation is one of the methods which oers such a possibility. It represents a cultivation process, where culture liquid is withdrawn with cells and fresh cultivation medium added to the fermentor at ®xed periods of time.
The experiments described below were aimed at studying the possibility of applying RB cultivation for CA production.
In these experiments, the amount of medium added and the duration of a cycle were varied. In each cycle, cultivation was run in batch mode. The following variants of RB cultivation were studied: 20% feed every 24 h, 50% feed every 2 days, 50% feed every 3 days, 80% feed every 3 days. The RB cultivation was run for 768 h (that is, 32 days).
In Fig. 2 several cycles of each RB cultivation variant are shown. The graphs represent biomass and CA concentrations. Table 3 lists the fermentor productivity, speci®c productivity of the culture and yield of the product from ethanol consumed at dierent modes of RB cultivation (average from several replicate experiments).
The RB cultivation mode of 20% feed every day had the lowest product yield (76%), speci®c productivity (0.104) and productivity (0.964), which was probably due to an insucient degree of culture renewal. The best results were obtained for 50% feed every 3 days and 80% feed every 3 days cultivation modes. 50% 2 days mode gave medium results.
In all the RB cultivation variants used, the concentration of isocitric acid (ICA) did not exceed 10% of the (CA + ICA) sum, which was similar to the batch cultivation data.
For further work, the 50% feed every 3-day mode was selected, as it had the highest CA concentration (105 g/l) and product yield (88.3%).
The culture remained active for more than 700 h of cultivation.
In Table 4 , comparison of the characteristics of batch ( Fig. 1) and RB cultivation, 50% feed every 3 days (Fig. 2) is given (time loss for fermentor preparation for the batch culture is not accounted for). The concentration of CA was slightly lower for RB cultivation, but the total amount of CA synthesised was about 10% higher. The calculated productivity, speci®c productivity and product yield were also higher.
Comparison of enzyme activities
To elucidate the biochemical mechanism responsible for maintenance of the acid-forming activity of the RB culture, experiments were performed to study the activities of the key enzymes of CA and ethanol metabolism in RB culture. Figure 3 presents the biomass and CA dynamics, and sampling times for determination of enzyme activities in RB culture.
Three cycles were run in this experiment. The ®rst three samples are analogous to the respective samples of the batch experiment (Fig. 1) . In the second cycle, no samples were taken. The three other samples (147, 168, 216 h) were taken at the beginning, in the middle, and at the end of the third cycle (Fig. 3) .
Data obtained in this experiment is presented in Table 5 .
As it can be seen from the data presented in Table 5 , enzyme activities in RB culture do not signi®cantly decrease and correspond approximately to 36 h of batch cultivation.
In Fig. 4 , a comparison of activities of the key enzymes of ethanol and CA metabolism is presented for 144 h of batch cultivation and 216 h of RB cultivation.
The comparison of the data presented in Fig. 4 shows, that, with the exception of AlDH, whose activity is about the same in both cases, activities of all the enzymes of ethanol metabolism and CA production in RB culture are signi®cantly higher than corresponding activities for batch culture.
Discussion
In the literature, there are reports on chemostat cultivation of Y. lipolytica for CA production from hydrocarbons, glucose and ethanol (Aiba and Matsuoka 1978; Klasson et al. 1989; Finogenova et al. 1996 ). Yet, the implementation of an industrial continuous process is dicult due to the fact that, at dilution rates where Y. lipolytica chemostat culture has maximum speci®c productivity, it is impossible to obtain a high enough concentration of the product in the culture liquid. There are also reports on attempts to develop a continuous process of CA production on glucose with the help of immobilised cells or retention of cells in a fermentor (cell recycle) with membrane modules (Kautola et al. 1991; Rane and Sims 1995) . In this case, it is possible to achieve a higher concentration of CA, but it is dicult to maintain culture activity due to the absence of cell culture renewal and gradual aging of the culture. Besides, our own experimental data (unpublished) have shown that use of cell recycling on ethanol does not allow maintenance of the activity of the producer for long enough. Probably, this is due to the fact that the biosynthesis of CA on ethanol is more growth related than on glucose.
The data obtained on the use of Y. lipolytica RB culture show that this cultivation method achieves better results, than batch cultivation, and that the culture activity remains stable for a long period of time.
Comparative analysis of enzyme activities con®rmed the regularity of the eect described, as the activity of practically all the enzymes participating in ethanol oxidation and CA biosynthesis remained stable over time in RB culture in contrast to batch culture. This is why RB culture allows maintenance of more stable activity of the culture for a long period of time and achieves better results, as compared to batch cultivation (the amount of CA formed during the same period of time is about 10% higher). However, this is not the only advantage of RB cultivation over batch cultivation. RB cultivation does not require sterilisation and the preparation of a fermentor (about 1 day), which has to be done every 6 days for batch cultivation. Use of the saved time for CA production increases the amount of CA produced by 12%.
RB cultivation decreases the expenditure of sterilisation and preparation of a fermentor and inoculum preparation, which increases the economical eciency of CA biosynthesis.
Thus, the proposed RB cultivation method for yeast producing CA represents a process which is simple and ecient for industrial application, has the advantages oered by continuous cultivation and is free from its disadvantages. 
